INTRODUCTION
The use of holothurians as food has a long history, as they have been gathered since ancient times for celebrations in most South Asian countries and in countries where ethnic Chinese communities exist (Tiensongrusmee & Pontjoprawiro 1988 , Conand & Byrne 1993 , Lovatelli et al. 2004 . Globally, holo thurian fisheries are usually based on about 30 species from more than 1000 described within the order Aspidochirotida, although where intense fishing occurs, members of other orders, such as Dendro chi ro tida, are now included (Tiensongrusmee & Pontjo prawiro 1988 , Lovatelli et al. 2004 . The growing popularity of this fish has caused a rapid increase in the market price and an expansion of the sea cucumber fisheries worldwide, including Latin American countries (Conand & Byrne 1993 , Conand 2004 , Toral-Granda et al. 2008 , Anderson et al. 2011 . For this reason, the Food and Agriculture Organization (FAO) has emphasized the necessity for basic re search and assistance to the countries where sea cucumber populations are starting to be exploited or where knowledge is critically lacking. In addition, research should also be promoted in a wide range of countries to compare the biological, ecological, and reproductive features of populations among different regions (Lovatelli et al. 2004 , Andrew et al. 2007 , Purcell et al. 2010 , 2013 .
Seasonality of ecosystems increases gradually from the tropics to the polar regions, which are highly seasonal. This pattern is modeled mainly by the annual cycle of solar energy received, and it is exacerbated in the marine environment by oceanic ice in winter (Priddle et al. 1986 ). This fact is important in regulating the reproductive activity of echinoderms, be cause there is dissimilarity in the patterns of reproductive periodicity which reflect the seasonal differences in the environment they inhabit (Lessios 1981 , Byrne et al. 1997 . It has been observed that species from the poles or high latitudes show a notable seasonality in reproduction (Stanwell-Smith & Clarke 1998) , which decreases in species from mid latitudes (Carvalho & Ventura 2002 , Rubilar et al. 2005 and is not evident in tropical species (Pearse 1968 , Guzmán & Guevara 2002 .
Although several studies, especially in the genus Holothuria, have been carried out on sea cucumber reproduction and its relationship to environmental factors, both near the Equator (e.g. Pearse 1968 , Conand 1993 , Reichenbach 1999 , Ramofafia et al. 2001 , Abdel-Razek et al. 2005 , Muthiga 2006 , Gaudron et al. 2008 , Muthiga & Kawaka 2009 ) and at higher and lower latitudes (e.g. Gutt et al. 1992 , Hudson et al. 2003 , Despalatovi et al. 2004 , Galley et al. 2008 , Baillon et al. 2011 , Martinez et al. 2011 ), a fundamental barrier to improvements in the management of sea cucumber fisheries is a lack of data regarding the basic biological parameters of the most exploited species (Conand & Sloan 1989 , Conand 2001 , Lovatelli et al. 2004 .
Holothurian fisheries along the coast of Mexico started in the late 1980s and focused on Isostichopus fuscus and Parastichopus parvimensis, reaching a national maximum harvest of 2000 and 700 t, respectively, around 1992 (Castro 1995 , Aguilar-Ibarra & Ramírez-Soberón 2002 , SAGARPA 2012 . Of these 2 species, the Mexican government declared only I. fuscus as 'threatened for extinction', and later this status was changed to 'subject to special protection', but without establishing precise specifications for its protection. Additionally, illegal fishing has been recorded, and the holothurian populations continue to decrease steadily (Aguilar-Ibarra & Ramírez-Soberón 2002) . Recently, fisheries of other sea cucumber species not mentioned in the official laws, such as Holothuria fuscocinerea and H. inornata, have been established in Mexico.
The ashy pink sea cucumber Holothuria fusco cinerea is among the most common holothurian species (Aspidochirotida: Holothuriidae) and is widely distributed in the Tropical Eastern Pacific Region from the Gulf of California, Mexico, to the Galapagos Islands, Ecuador, as well as in Australia, the Philippines, Singapore, Tonga, and Guam in the Western Pacific Region (Solís-Marín et al. 1997 , Hickman 1998 , Teo et al. 2010 ). Considering the current increase in extraction of this species for commercial purposes and the fact that many basic aspects of its reproductive biology are poorly understood or remain to be investigated, it is necessary to improve our knowledge about this potential resource. Therefore, an analysis of the main reproductive traits of H. fuscocinerea and their relationship to some environmental factors will contribute to our knowledge of its reproductive biology, which is a very important aspect in the context of an ecosystem approach to sea cucumber management (Purcell et al. 2010) .
MATERIALS AND METHODS

Collection and measurement
About 19 individuals of Holothuria fuscocinerea were haphazardly collected by scuba diving on a monthly basis between April 2008 and May 2009 from a depth interval of 10 to 18 m in La Entrega Bay, Huatulco, Oaxaca (15°44' 34'' N, 96°07' 35'' W), on the Pacific coast of southern Mexico. Individuals were narcotized by leaving them in seawater at 3°C for 12 h before dissection. The whole gonadal tubules (hereafter, gonad) were dissected by opening the ventral side of each sea cucumber, and the body, viscera, and gonads were allowed to drain until dampdried (around 5 min) before being weighed. The total body weight (TBW, including viscera and gonad) and the gonad weight (GW) were recorded using an analytical balance (± 0.001 g). Gonad volumes (GV ± 0.001 ml) were measured by displacement of the fluid method until a hydrostatic equilibrium was reached, using a variation of the Mohr-Westphal balance (Scherle 1970 , Nagy & Pieri 1975 . Finally, the gonads were fixed in Bouin's solution for 3 d and later preserved in 70% ethanol saturated with lithium carbonate to remove the excess of picric acid from fixation (Humason 1962 , Muñeton-Gómez et al. 2000 .
Several environmental parameters were recorded monthly. Salinity and pH were measured using a waterproof multiparameter (HANNA ® HI 9828), while temperature was recorded at 1 h intervals using a pendant data logger (HOBO) permanently attached to the sea floor. Rainfall data (pluvial precipitation) were taken from the Mexican National Meteorology Service of the National Water Commission (SMN-CNA 2009) online database. Monthly means were calculated for temperature and pluvial precipitation.
Histological procedure and microscopic examination
Preserved gonads were washed in 70% ethanol and dehydrated in ethanol series, cleared in Citrisolv ® , infiltrated and embedded in paraffin wax. Serial sections were cut at 5 µm thickness using a manual rotary microtome (LEICA RM2145), then mounted on glass slides, heated for 12 h at 60°C in a furnace, and immediately stained using the routine Harris hematoxylin-eosin regressive method (HHE 2 ; Luna 1968 , Howard & Smith 1983 . Digital images were taken with a digital camera mounted on a microscope and transferred to a computer.
Reproductive traits
Gonad developmental stages (GDS) for each sex were based on the most outstanding histological characteristics specified for the stages used in other holothurians (e.g. Tanaka 1958 , Hamel et al. 1993 , Herrero-Pérezrul et al. 1999 , Hoareau & Conand 2001 , Despalatovi et al. 2004 , Shiell & Uthicke 2006 , Toral-Granda & Martínez 2007 , Navarro et al. 2012 ). The terms used by previous authors and their organization levels include I-resting, II-recovery, IIIgrowth, IV-advanced growth, V-mature stage, VIspent. We used the following 3 criteria to define our GDS: (1) sequence of the biological development process of sexual cells (i.e. gametes) (Menker 1970 , Eckelbarger & Young 1992 , Belova & Viktorovskaya 2007 , (2) recruitment of gonadal tubules , and (3) mechanisms and functions of the regenerative or resorptive processes of either gonads and/or gonadal-basis after a spawning event (Kille 1936 , 1937 , Cameron & Fankboner 1986 , CandiaCarnevali et al. 2009 ).
To quantify reproductive status, 2 indices were calculated for both females and males, as well as for the 2 sexes combined: (1) the traditional gonadosomatic index (GSI, also known as gonad index: GI), which is based on weight relationships: GSI = [GW/(TBW − GW)] × 100, and (2) the maturity index (MI) and/or microscopic maturity index (Yoshida 1952 , Patent 1969 , Sewell 1992 , Despalatovi et al. 2004 , Meneghetti et al. 2004 , which is based on the microscopic GDS: MI = ∑ (n i × s i )/N, where n i is the number of sea cucumbers at each microscopy stage (i.e. GDS), s i is the numerical score attributed to that stage, and N is the total number of sea cucumbers collected monthly. Each MI value indicates its respective gonad developmental stage throughout the collecting period.
Monthly values of fecundity were quantified as the total number of vitellogenic oocytes (F vo ) per female (actual fecundity), from the mean volume of oocytes and GV in each female. The oocyte volumes (OVs) of at least 100 oocytes sectioned across the nucleus, per female, per month, were calculated assuming a spherical shape [OV= (4 × π × R 3 )/3] and averaged. Fecundity was estimated as follows:
where V g = volume of the gonad, V vo = mean volume of a vitellogenic oocyte, V nvo = mean volume of a nonvitellogenic oocyte, P = ratio between non-vitellogenic and vitellogenic oocytes, i.e. P = N nvo /N vo , where N nvo = number of non-vitellogenic oocytes counted on a subsample of 100 oocytes per gonad and N vo = number of vitellogenic oocytes counted on a subsample of 100 oocytes per gonad (Ramírez-Llodra 2001 , Ramírez-Llodra et al. 2002 . The diameters of at least 100 oocytes sectioned across the nucleus (i.e. non-vitellogenic 'primary/ secondary' oocytes and vitellogenic oocytes) per female, per month, were measured (Galley et al. 2008 ) using Feret's diameter measurement (i.e. the longest distance between any 2 points along the selection perimeter; Walton 1948) with the image analysis package ImageJ 1.41. The absolute frequencies of all oocyte diameters were grouped into size ranges each month. The ranges and their amplitude were determined using Sturge's rule (Scherrer 1984) .
Statistical analysis
General data were expressed as mean ± standard deviation (SD). Sex ratio (male:female) was calculated annually, and deviation from the expected ratio of 1:1 was tested with the chi-square (χ 2 ) test. Statistical differences in GSI were tested using 2-way ANOVA (sex and month as factors). Differences in fecundity for females were tested using ANOVA. In order to determine the relationship between salinity, temperature, rainfall (pluvial precipitation), and pH (as independent variables), and the repro-ductive cycle of Holothu ria fuscocinerea represented by GSI and MI (as dependent variables), we performed a step by step multiple linear regression analysis (forward elimination method). In order to ensure reliability of the results, lack of multicollinearity among independent variables was previously corroborated. Statistical analyses were carried out using STATISTICA ® 6 (StatSoft) and SigmaStat ® 3.5 (Systat Software). p < 0.05 was considered statistically significant.
RESULTS
Sex ratio
Holothuria fuscocinerea was confirmed to be a gonochoric species, as not one of the 266 examined individuals was hermaphroditic. They did not show any sexual dimorphism. The annual ratio of males to females did not differ significantly from a 1:1 proportion: 47.76% of individuals were males, 44.03% were females (χ 2 = 14.44, p > 0.05), and the remaining 8.21% showed gonads in recovery and were 'sexually undifferentiated' (Fig. 1) .
Gonad developmental stages
Based on morphological and histological observations, as well as on the sequence of the developmental process of sexual cells, the GDS for Holothuria fuscocinerea females and males were classified into 4 stages (Figs. 2 & 3) . Gametogenesis (Stage I) corresponds to gonadal tubules with thin walls, characterized by a large production and development of gametogonia (i.e. spermatogonia in males and oogonia in females) which line the gonadal wall. In addition, gametocytes are formed (i.e. spermatocytes and spermatids in males and primary and secondary oocytes in females) which partially fill the lumen of each gonadal tubule. Mature (Stage II) is characterized by a large production of gametes (i.e. spermatozoa in males and vitellogenic oocytes in females) which completely fill each gonadal tubule, the walls of which are still thin. Spawning (Stage III) corresponds to the expulsion of gametes from the gonad, characterized by many empty gaps among the remnant gametes and a thickening of the gonadal wall. Post-spawning (Stage IV) comprises flaccid gonadal tubules with thick walls and an extensive migration of phagocytic hemocytes across remnant gametes in a resorption process.
A period of gonadal recovery (classified as Stage V for both sexes) or a 'sexually undifferentiated' stage was characterized by gonads that macroscopically had a crystalline appearance. Tubules were very short (about 6 mm in length), and microscopically comprised a large amount of connective tissue that contained germinal cells (called gonadal basis).
Reproductive cycle
An annual reproductive cycle was observed for Holothuria fuscocinerea. All 4 gonad developmental stages for both sexes showed a pattern of similar frequency between sexes throughout the sampled months; therefore, both sexes were represented to gether in the reproductive cycle, including the gonad recovery or 'sexually undifferentiated' period (Fig. 4) . The gametogenesis stage in both sexes occurred from January to May with high frequencies both sexes, with the lowest frequency in December (40%). Gonadal re covery was observed from September to February 2008, with the highest frequency recorded in December (60%) and the lowest in January (6%) (Fig. 4) .
Gonadosomatic and maturity indices
The GSI showed the same pattern of fluctuation between sexes but was slightly more pronounced in females than in males. Males showed GSI values between 0.57 and 11.11, and females showed values between 0.56 and 20.51. The statistical analyses showed significant differences (F 1,232 = 33.857, p < 0.05) between sexes. Values of GSI in females were higher during May and June 2008. There were also significant differences among months (F 13, 232 = 56.340, p < 0.05). The lowest values of the index (<2) occurred from October to February (Fig. 5) .
The MI showed gametogenesis (Stage I) and mature (Stage II) (Fig. 5) .
Fecundity
Actual mean (± SD) fecundity of Holo thuria fuscocinerea was 2.9 ± 2.8 million eggs per female. The maximum fecundity was observed in May 2009 (9.9 million eggs) and the minimum in April 2008 (500 000 eggs). In June 2008, a high value of fecundity was observed that decreased in July. Fecundity increased again in August and dropped significantly in September, remaining low until February 2009, when the values started to increase steadily through the next months of sampling. There were significant differences in monthly mean values of fecundity (ANOVA, F (8, 74) = 10.95, p < 0.001).
Diameter and distribution of oocytes
The mean diameter (± SD) of all oocytes (n = 10 642, non-vitellogenic 'primary/secondary' oocytes and vitellogenic oocytes) was 117.70 ± 53.27 µm, with the highest diameters (306−308 µm) recorded during July and August 2008, and the lowest diameters (< 40 µm) from November 2008 to May 2009. Mean diameter (± SD) of non-vitellogenic oocytes (i.e. primary/ secondary) was 61.46 ± 9.83 µm, whereas vitellogenic oocytes (i.e. mature) had an average diameter of 121.49 ± 31.37 µm. The highest frequencies of the non-vitellogenic oocytes (< 80 µm) occurred during November (55%) and December (49%) 2008, as well as in April (35%) and May (46%) 2008 and in (Fig. 6 ).
Spawning (reproductive season) versus environmental factors
During the spawning period (July to October), the temperature (T) was higher than 29°C, and the rainfall values (pluvial precipitation, PP) were larger than 245 mm. Salinity (S) increased from 30.6 to 31.7, and pH decreased from 9.0 to 8.4 (Fig. 7) .
A step by step multiple regression analysis of GSI pooled for both sexes of Holothuria fuscocinerea with respect to the environmental factors was performed, resulting in the following model: GSI = −28.296 + 0.00672 × PP (R 2 = 0.29, p < 0.05) (2) The model showed that PP explained 29% of the total variance of GSI.
No variable was selected in the analysis to predict MI pooled for both sexes of Holothuria fuscocinerea.
DISCUSSION
The gonad developmental cycle described for Holo thuria fuscocinerea is similar to that registered for other holothurian species with synchronic seasonal reproduction (Fajardo-León et al. 1995 , TapiaVáz quez et al. 1996 , Ra so lo fonirina et al. , Tehranifard et al. 2006 , Asha & Muthiah 2008 . Our results (reproductive cycle, reproductive indices, fecundity, and oocyte diameter distribution) showed convergence with the gonad developmental stages, providing strong evidence to indicate that H. fuscocinerea exhibits an annual reproductive season (spawning) in Oaxaca (~15°N, 96°W), which occurs from June through September (summer). Similarly, other sea cucumbers such as Parastichopus parvimensis (Tapia-Vázquez et al. 1996) and Isostichopus fuscus (Fajardo-León et al. 1995 , Herrero-Pérezrul et al. 1999 , both from Baja California (~27°N, 112°W) , spawn during the same period. Pearse (1968) and Giese & Pearse (1974) established that seasonality in reproductive cycles of marine invertebrates tends to be stronger as the latitude increases. Cameron & Fankboner (1986) and Conand (1993) mentioned that seasonal reproductive cycles in holothurians are characteristic of most temperate species, whose spawning season occurs as a consequence of increasing temperature, as well as of the extent and intensity of daylight, implying an increase in phytoplankton biomass and, in turn, a larger supply of food for sea cucumbers.
In this study Holothuria fuscocinerea did not ex hibit the characteristic patterns of a continuous reproductive cycle which might be expected considering that it is a tropical species and taking into account that most cycles are timed so that the production of larvae or juveniles are synchronized with periods favorable for feeding or survival (Giese & Pearse 1974) . In contrast, our results showed a synchrony between sexes for spawning, suggesting a close relationship with the local oceanic dynamics. Although the study site of Holothuria fuscocinerea corresponds to a tropical locality and fluctuations of oceanographic variables are apparently minimal and the availability of food is theoretically constant, there are local oceanic processes, such as upwelling in the Gulf of Tehuantepec between November and May, that are strongly influenced by the action of important winds known locally as Nortes (Trasviña & Barton 1997 , Tapia-García et al. 2007 . Furthermore, there is a remarkable difference between the rainy (May to October) and dry seasons (November to April) which determines well-defined seasonal ocean - o graphic regimes. An increase in seawater temperature produces the rainfall season, and during this season, seawater salinity decreases. On the other hand, the absence of rainfall and high evaporation generates an increase in salinity, and the action of the Nortes produces a decline in temperature between November and May due to upwelling (Trasviña & Barton 1997 , Tapia-García et al. 2007 ). Our statistical analyses show that temporal variations in rainfall were significantly related to the GSI and had important effects on the reproductive cycle of Holothuria fuscocinerea. Spawning was evidently influenced by a high primary production associated with the extensive runoff produced by pluvial precipitation, which increases the nutrient supply to the ocean (Birkeland 1982) . This in turn, increases the phytoplankton production in the water column that provides an important source of food for planktonic larvae (Strathmann et al. 1992) . Additionally, during this spawning period the adult organisms also benefit from this organic abundance, as the detritus that is used as food is also enriched by the deposition of plankton products and organic matter that reaches the sea bottom a short period after the surface layer stabilizes (Hamel et al. 1993 , Asha & Muthiah 2008 . This fact has been documented for other holothurian species such as H. leucospilota (Jayasree & Bhavanarayana 1994) , H. scabra (Rasolo fonirina et al. 2005) and H. spinifera (Asha & Muthiah 2008) .
The marked differences between dry and rainfall seasons and strong upwelling influence the biological processes of the communities at an evolutionary level, determining the seasonal reproductive patterns observed in Holo thu ria fuscocinerea and other echinoderm species in the area, such as the starfish Pharia pyramidatus (Benítez-Villalobos & Martínez-García 2012) and the brittle stars Ophiocoma aethiops and O. alexandri (Benítez-Villalobos et al. 2012) .
In marine invertebrates, there is a trade-off between fecundity and the amount of energy that can be invested in each egg. Thus, as a rule, a species produces either many small eggs with planktotrophic (Thorson 1950) . proposed that holothuroids with eggs from 50 to about 300 µm show planktotrophic development. Therefore, considering the high average fecundity and relatively small mean egg size estimated for Holothuria fuscocinerea in this work, we propose that this species shows a reproductive strategy that includes a planktotrophic larva (Strathmann et al. 1992 , Ramírez-Llodra 2002 . Planktotrophic larvae depend principally on food availability in the water column because their eggs are provisioned with insufficient energy reserves. Consequently, species that have this kind of larvae generally couple their spawning season with rainfall periods because there is an increase in primary production at that time. This ensures that the larvae are able to feed and survive (McEdward & Miner 2003 , Reitzel et al. 2004 , as apparently occurs with the reproductive cycle of H. fuscocinerea off the coast of Oaxaca.
Furthermore, during the post-spawning season of Holothuria fuscocinerea (October to January) when the lowest values of GSI (< 2) were recorded, the presence of 'sexually undifferentiated' individuals was noted; this appeared to be the result of a gonad resorption process, and these individuals were classified as being in the recovery stage (Stage V), with the highest values during November and December. This process of resorption and disappearance of gonads has been reported for a number of species of holothurians at different latitudes (Tyler et al. 1985 , Fajardo-León et al. 1995 , Tapia-Vázquez et al. 1996 , Herrero-Pérezrul et al. 1999 , Hoareau & Conand 2001 , Rasolofonirina et al. 2005 , and it is considered a common phenomenon in species of the order Aspidochirotida (Kille 1936 (Kille , 1937 around post-spawning (Cameron & Fankboner 1986) . Apparently, this reproductive strategy that cleans the gonad for the next reproductive cycle involves an energy cost that is reflected in a prolonged gametogenesis stage lasting about 6 mo in Holothuria fuscocinerea, as shown by the MI and the reproductive cycle. 
